'Vascular steal' has been proposed as a compensatory mechanism in hemodynamically compromised ischemic parenchyma. Here, independent measures of cerebral blood flow (CBF) and blood oxygenation level-dependent (BOLD) magnetic resonance imaging (MRI) responses to a vascular stimulus in patients with ischemic cerebrovascular disease are recorded. Symptomatic intracranial stenosis patients (n ¼ 40) underwent a multimodal 3.0T MRI protocol including structural (T 1 -weighted and T 2 -weighted fluidattenuated inversion recovery) and hemodynamic (BOLD and CBF-weighted arterial spin labeling) functional MRI during room air and hypercarbic gas administration. CBF changes in regions demonstrating negative BOLD reactivity were recorded, as well as clinical correlates including symptomatic hemisphere by infarct and lateralizing symptoms. Fifteen out of forty participants exhibited negative BOLD reactivity. Of these, a positive relationship was found between BOLD and CBF reactivity in unaffected (stenosis degreeo50%) cortex. In negative BOLD cerebrovascular reactivity regions, three patients exhibited significant (Po0.01) reductions in CBF consistent with vascular steal; six exhibited increases in CBF; and the remaining exhibited no statistical change in CBF. Secondary findings were that negative BOLD reactivity correlated with symptomatic hemisphere by lateralizing clinical symptoms and prior infarcts(s). These data support the conclusion that negative hypercarbia-induced BOLD responses, frequently assigned to vascular steal, are heterogeneous in origin with possible contributions from autoregulation and/or metabolism.
INTRODUCTION
Intracranial (IC) arterial stenosis is an important risk factor for ischemic stroke, with 2-year stroke rates approaching 20% in those with symptomatic disease. 1 While preventive procedures such as revascularization angioplasty and endovascular stenting are available, identifying patients that would benefit most from these interventions remains problematic. The need for risk stratification was recently highlighted in a multicenter clinical trial, which revealed that angioplasty and endovascular stenting increased the probability of stroke compared with aggressive medical management alone. 2 More sensitive radiologic screening procedures that can be used safely to track hemodynamic progression and therapy response are likely required to improve management decisions. Digital subtraction angiography is the gold standard for measuring arterial luminal stenosis. However, digital subtraction angiography is invasive and insensitive to tissue-level hemodynamics such as cerebral blood flow (CBF; mL/100 g/minute) and volume (CBV; mL blood/mL parenchyma). Positron emission tomography and single-photon emission computed tomography can measure these parameters, but are currently suboptimal owing to limited availability of these technologies and the required tracers in nonspecialized centers.
Non-invasive magnetic resonance imaging (MRI) has emerged as a promising tool that can provide complementary information about structural and hemodynamic changes. Magnetic resonance imaging protocols that exploit T 2 or T 2 *-weighted blood oxygenation level-dependent (BOLD) contrast are capable of measuring parenchymal cerebrovascular reactivity (CVR) in response to vasodilatory stimuli, and this approach is being used with increasing frequency in cerebrovascular disease, dementia, and tumor applications. [3] [4] [5] However, fundamental gaps remain in our knowledge regarding the physiologic underpinnings of the BOLD contrast mechanism, and importantly how BOLD contrast in patients with vascular disease correlates with prognosis. As such, careful measurements of BOLD contrast in a clinical setting, together with corroborating data from separate modalities, is required before such imaging can be incorporated routinely into the radiologic infrastructure as a diagnostic tool.
In healthy tissue, positive BOLD signal arises from increases in blood oxygenation as a result of larger increases in CBF relative to the cerebral metabolic rate of oxygen consumption (CMRO 2 ). Hypercarbic stimuli, which are frequently used in BOLD CVR studies, have been reported to be primarily isometabolic in healthy tissue for short stimulus durations (p3 minutes). 6, 7 As such, BOLD signal increases in healthy tissue in response to hypercarbia derive from an increase in CBF, which increases the fraction of diamagnetic oxyhemoglobin relative to paramagnetic deoxyhemoglobin, in capillaries and veins. Of note, such positive BOLD responses will be attenuated through T2(*) attenuation due to small increases in capillary and venous CBV. Given these characteristics, BOLD imaging in response to hypercarbic gas stimulation has been utilized as a surrogate marker of vascular compliance or CVR. Over a range of healthy flow-volume coupling indices, smaller increases in CBF will lead to smaller BOLD responses, hypothesized to be indicative of vasculature operating at or near reserve capacity.
Negative hypercarbia-induced BOLD effects have also been reported in patients with cerebrovascular disease, and these negative effects are commonly attributed to 'vascular intracerebral steal' phenomena whereby blood is re-routed from ischemic parenchyma to healthy parenchyma. 8, 9 As the primary origin of hypercarbia-induced BOLD responses in healthy tissue is from CBF and CBV (e.g., vascular changes), these findings provide support, but do not confirm, the presence of vascular steal phenomena. Such negative BOLD effects have been shown to correlate inversely with cortical thickness and directly with IC vascular disease severity. 10 The mechanism underlying negative BOLD responses, however, is controversial. Occlusion models in animals have demonstrated that hypercarbia does not change CBF in ischemic brain 11, 12 and in subacute human stroke patients, it has been demonstrated that CBF response to hypercarbia is heterogeneous. 13 Understanding this phenomenon is fundamental to using BOLD contrast for routine radiologic imaging and for understanding the physiologic constructs of impairment.
In addition to vascular steal, two additional mechanisms may contribute to negative BOLD CVR: (i) cerebrovascular autoregulation and/or (ii) CMRO 2 upregulation. More specifically, changes in cerebral perfusion pressure may have little effect on CBF over a wide range due to cerebral autoregulation. Increases in arterial pressure produce vasoconstriction of pial arterioles, and decreases produce vasodilation, thus altering resistance and maintaining a CBF within a viable range.
14 Large increases in CBV relative to CBF could lead to negative BOLD effects, especially if the CBV changes occur in veins or arteries with low oxygen saturation fractions (e.g., hypoxic patients). Alternatively, an increase in the supply of oxygen may lead to an increase in CMRO 2 in mild-to-moderately ischemic tissue, which would lead to an increase in deoxyhemoglobin in capillaries and veins when CBF increases minimally, and this could contribute to a reduction in BOLD CVR. Representative scenarios by which negative BOLD CVR could be explained are shown in Figure 1 . These scenarios have been simulated using standard equations from popular BOLD contrast models. 15, 16 To better understand the origins of negative BOLD CVR, we measure the CBF response in regions of negative BOLD reactivity in patients with symptomatic ischemic cerebrovascular disease, and contrast reactivity values with standard clinical measures of vascular stenosis and lateralizing disease severity.
MATERIALS AND METHODS

Patient Anonymity, Informed Consent, and Ethics
Anonymity of all volunteers was assured by removing the volunteers' names from data and figures. This study includes experiments on human subjects; procedures were followed in accordance with the ethical standards of the Vanderbilt University Institutional Review Board (IRB Study #110468), the Vanderbilt University Human Research Protection Program, as well as with the Helsinki Declaration of 1975 (and as revised in 1983). Informed written consent was obtained from all volunteers and all components of this study were in compliance with the Health Insurance Portability and Accountability Act (HIPAA). No animal studies were conducted as part of this work.
Participant Demographics
Patients (n ¼ 40; age ¼ 54.5 ± 17.7 years; 17M/23F) presenting with angiographically confirmed IC stenosis and/or symptoms consistent with IC stenosis (Supplementary Table 1A and 1B) between 1 August 2012 and 1 August 2013 provided informed written consent in accordance with the local IRB and HIPAA guidelines. Participants with both atherosclerotic and non-atherosclerotic (i.e., moyamoya) disease were included. Owing to the known differing etiology of atherosclerotic and non-atherosclerotic IC stenosis, these groups were evaluated independently to understand whether different types of IC stenosis yield different negative BOLD CVR trends.
Lateralizing Signs
In patients, lateralizing signs on neurologic examination corresponding to both hemispheres were retrospectively assessed by review of the electronic medical record. Symptomatic hemispheres were defined as those with either a history of recurrent transient ischemic attacks or persisting neurologic deficits in the motor, sensory, or language domains. Psychological symptoms, personality deficits, deficits in concentration and memory, and headache were not considered for this analysis.
Magnetic Resonance Imaging
All participants were scanned at 3.0T (Philips Medical Systems; Best, The Netherlands). Standard T 1 -weighted (three-dimensional turbo gradient echo; TR/TE ¼ 8.9/4.6 ms; spatial resolution ¼ 1 Â 1 Â 1 mm), T 2 -weighted fluid-attenuated inversion recovery (turbo spin echo; TR/TE ¼ 11,000/ 120 ms; spatial resolution ¼ 1.9 Â 1.9 Â 5 mm), and three-dimensional time-of-flight magnetic resonance angiography imaging (three-dimensional gradient echo; TR/TE ¼ 13.8/1.8 ms; spatial resolution ¼ 1.3 Â 1.3 Â 1 mm) sequences were performed in addition to functional acquisitions with whole-brain BOLD (single-shot gradient echo-planar imaging; TR/TE ¼ 2,000-4,000/35 ms; spatial resolution ¼ 3 Â 3 Â 7 mm) and pseudocontinuous arterial spin labeling (pCASL; single-shot gradient echo-planar imaging; TR/TE ¼ 4,000/17 ms; spatial resolution ¼ 3 Â 3 Â 7 mm). The spatial resolution of BOLD was matched to that of ASL, and as such was coarser than what is normally obtained in other BOLD studies (e.g., typical slice thickness 3-5 mm); this choice was used to reduce the possibility of partial volume effects differing between scans (see Discussion). The ASL scan was always performed after the BOLD scan. In some patients (n ¼ 23), a BOLD protocol with TR ¼ 4,000 ms was used, whereas in the remainder (n ¼ 18) TR ¼ 2,000 ms was used. This discrepancy is not expected to influence the findings of this study as the stimulus duration was long (43 min) relative to the temporal resolution. The pCASL sequence employed a 1.6 seconds labeling pulse train consisting of 0.5 ms Hanningwindowed pulses, followed by a post-labeling delay of 1.525 seconds. Pseudocontinuous arterial spin labeling parameters were based on multidelay optimization work by us 17 and others 18, 19 and pCASL specifically was chosen (i) owing to its higher signal-to-noise ratio relative to pulsed ASL approaches 20 and (ii) to increase the time from beginning of labeling to imaging to more than 3 seconds, which increases feasibility for measuring CBF in the regions of delayed bolus arrival time (BAT), such as in white matter or ischemic tissue. 18 Concerns related to changes in BAT with hypercarbic gas stimulation and partial volume effects have been considered by us and others in the literature and are summarized in the context of this study in the Discussion. A separate equilibrium magnetization (M 0 ) image was acquired with identical spatial resolution as the pCASL scan but with TR ¼ 20 seconds and all spin labeling pulses removed. Delivery of medical grade room air (three blocks with 3 minutes duration each; B21% O 2 /78% N 2 ;o1% CO 2 ) was alternated with a hypercarbic gas mixture (two blocks of 3 minutes each; 5% CO 2 /95% O 2 ) during the functional magnetic resonance imaging acquisitions. Hypercarbic hyperoxia (e.g., carbogen) was used as the vasodilatory stimulus owing to its ability to increase the fraction of inspired O 2 and oxygen delivery to tissue, 21 which was required as a conservative safety measure in our clinic owing to the possible side effects from a more simple hypercarbic normoxic (e.g., 5% CO 2 /21% O 2 /74% N 2 ) gas mixture. BOLD and pCASL contrasts were interpreted within the physiologic context of this more complex gas challenge (see Discussion). Gas delivery was achieved using a non-rebreathing Negative CVR in patients with ischemic disease DF Arteaga et al facemask; end-tidal CO 2 (EtCO 2 ), heart rate, blood pressure, and arterial oxygen saturation were monitored throughout the exam (Medtronic, Minneapolis, MN, USA). Total protocol duration was B40 minutes.
Data Analysis
A board-certified neuroradiologist (experience ¼ 10 years) masked to clinical and imaging findings graded cerebrovascular stenosis and localized regions of infarct. For patients with moyamoya configuration, the modified Suzuki Score, which includes five stages of severity (see Supplementary Table 2 ), was used. 22, 23 Intracranial stenosis was measured using previously published guidelines. 24 Stenosis degree and modified Suzuki Score were determined from vascular imaging acquired within 30 days of hemodynamic MRI as follows: (i) from clinical digital subtraction angiography if available; (ii) if no digital subtraction angiography, from CTA; (iii) if no CTA, from magnetic resonance angiography. Regions of interest were manually drawn by the neuroradiologist around areas of acute or subacute stroke and/or encephalomalacia on fluid-attenuated inversion recovery images. These regions were not considered as possible regions of negative CVR.
BOLD and pCASL analysis was performed using the FMRIB Software Library and MATLAB (MathWorks, Natick, MA, USA). Data from all subjects were corrected for motion and baseline drift. 25 Data were spatially smoothed (full-width half-maximum ¼ 3 mm), and time points during the first 60 seconds of normocarbia and hypercarbia epochs were removed to allow for signal to reach steady state. Pseudocontinuous arterial spin labeling data were pairwise subtracted and normalized by M 0 to generate CBF-weighted maps, spatially smoothed to match the BOLD postprocessing (full-width-half-maximum ¼ 3 mm), and CBF was quantified upon application of the solution of the flow-modified Bloch equation assuming a blood-water T 1 reduction from 1.6 seconds to 1.4 seconds (effect of hyperoxia). 26, 27 To enable comparison of negative regions between all subjects, BOLD and CBF-weighted maps were co-registered to a 4 mm isotropic Montreal Neurological Institute (MNI) T 1 -weighted atlas.
Identification of patients with negative BOLD CVR was guided by z-statistic maps of the signal responses. Z-statistics were calculated using the FMRIB Expert Analysis Tool and the gas timing paradigm as a regressor, cluster size ¼ 3 (corrected cluster Po0.05). Additional criteria were applied to reduce possibilities that the negative CVR region was an artifact resulting from signal dropout, ventricular CSF, and/or delayed positive CVR. First, the floor of the anterior cranial fossa, where T 2 *-weighted susceptibility-induced signal dropout occurred over the skull base, was excluded from analysis. Second, ventricles were masked from all images and negative BOLD CVR occurring in the ventricles was not considered. Third, regions of negative BOLD CVR that colocalized with prior infarcts, as identified on fluid-attenuated inversion recovery (see above), were excluded. Finally, time courses in negative CVR regions with a clusterforming P valueo0.05 as determined from the FMRIB Software Library FMRIB Expert Analysis Tool analysis were evaluated visually, and it was required that the signal reduce below baseline during both stimulus blocks and also that the signal not have a delayed positive response (which could be misinterpreted as a negative response).
It is also important to ensure that the positive BOLD response is directly correlated with the positive CBF response in healthy tissue, as would be expected. To assess this, in all patients exhibiting negative BOLD effects, fractional reactivity maps (response relative to baseline denoted by 0 ) were calculated for BOLD signal (DS/S 0 ) and CBF (DCBF/CBF 0 ). These maps were co-registered to the MNI template and oriented such that the region with the most significant stenosis (stenosis 450%) was on the radiologic right. A healthy tissue mask that consisted of cortical voxels within the Harvard/ Oxford Cortical atlas for parietal, frontal, and occipital brain regions in the less-affected hemisphere was applied. The mask was modified to exclude voxels that partial volume predominately with dural sinuses, as these regions will contain BOLD signal that is largely specific to increases in oxyhemoglobin secondary to the hyperoxia administration. Parietal, frontal, and occipital regions were chosen, as these regions represent where negative BOLD CVR was consistently observed and therefore provide an approximate control when evaluated in the unaffected hemisphere.
Analysis and Statistical Considerations
The primary statistical goal of this study was to assess the directionality of the change in CBF-weighted pCASL signal between normocarbia and hypercarbia in the region of negative BOLD responses. To achieve this, CBF during normocarbia and hypercarbia was recorded in all participants with observed negative BOLD responses. The co-registered maps were used to ensure identical regions were analyzed. For analysis, a two-tailed Student's t-test (significance criteria Po0.01) was applied to test the mean difference Figure 2 . The relationship between blood oxygenation leveldependent (BOLD) and cerebral blood flow (CBF) response to hypercarbic hyperoxia (i.e., carbogen) in healthy appearing tissue (hemispheres with stenosis 450% oriented as radiologic right). Frontal (red), parietal (blue), and occipital (green) cortex regions used in the mask are shown (all voxels in all regions shown in scatter plot); regions of interest (ROIs) were based on the Harvard/Oxford cortical atlas but modified to exclude voxels that partial volume substantially with dural sinuses. This additional step was performed so that veins that are not expected to contribute to cerebrovascular reactivity but may be influenced substantially by hyperoxia are not considered. The scatter plot shows the fractional BOLD reactivity (DS/S 0 ) and CBF reactivity (DCBF/CBF 0 ) normalized by the change in end-tidal CO 2 (mm Hg). Error bars represent s.e. over the ROI, and therefore represent variability because of measurement inaccuracy, partial voluming, and physiology. The correlations between these two metrics were significant (Pearson's R and Spearman's r shown). 
RESULTS
Fifteen of 40 patients (age ¼ 55.0±16.4 years; 7M/8F) met the criteria for negative BOLD reactivity and were included in this analysis. Of these patients, four had moyamoya disease (age ¼ 40.0 ± 11.7 years; 1M/3F) and 10 had non-moyamoya IC stenosis (age ¼ 62.0±14.1 years; 6M/4F); after careful review by the neuroradiologist, one patient (patient 12) had a left cavernous hemangioma without significant IC stenosis. Clinical presentation and history are shown in Supplementary Tables 1A, 1B, and 3 for all patients. End-tidal CO 2 increased by 6.2±2.1 (mean±s.d.) mm Hg, an acceptable range for increasing CVR. Figure 2 shows the relationship between BOLD and CBF reactivity in the healthy tissue mask. Responses in this region (mean±s.d.) were 0.031±0.012 and 0.23±0.17 for BOLD and ASL, respectively. Figure 3 shows representative images in a patient with moyamoya disease with negative BOLD reactivity. Figure 4 shows average BOLD and CBF data from all negative BOLD reactivity subjects. While clear asymmetry is apparent in the BOLD reactivity maps, the CBF maps are less asymmetric, suggesting that the BOLD reactivity maps have more complex contrast origins than can be described by CBF-weighted pCASL contrast alone. Figure 5A shows negative BOLD CVR regions from all patients and Table 1 provides a summary of the measured BOLD and ASL values in patients exhibiting negative BOLD regions. All patients with unilateral IC steno occlusion exhibited negative BOLD CVR ipsilateral to the vascular stenosis. Twelve of 15 patients had negative CVR on the same side as their most severe vessel disease. Three patients (patients 9, 13, and 14) exhibited bilateral regions of negative CVR; BOLD and CBF data for these individuals were combined across hemispheres. Thirteen of 15 patients had prior cerebral infarcts (Supplementary Table 3 ). Although regions of encephalomalacia and subacute infarct were excluded before BOLD analysis, the negative BOLD effects still occurred ipsilateral to the infarct in 15 of 17 hemispheres. Thirteen symptomatic hemispheres were identified by lateralizing clinical symptoms, 10 of which were ipsilateral to the hemisphere with negative CVR.
The volume of negative BOLD regions varied across subjects (mean±s.d.: voxels ¼ 284±532; volume ¼ 22.0±35.3 mL), and after correcting for statistical outliers weakly correlated inversely with reactivity in the same region (R ¼ À 0.44; one-tailed P ¼ 0.048). No significant relationship was observed between the volume of steal and baseline CBF or the volume of the BOLD reactivity and CBF change with stimulus. In addition, there was no significant relationship between BOLD reactivity and DEtCO 2 in either healthy cortex or the subject-specific negative masks, which was attributed to the EtCO 2 varying over a small range across subjects.
Figures 5B and 5C show differing hemodynamic responses to hypercarbia in two representative subjects. Within the negative Figure 4 . Mean blood oxygenation level-dependent (BOLD) and cerebral blood flow (CBF)-weighted arterial spin labeling (ASL) responses to hypercarbia in all participants (n ¼ 15) exhibiting negative BOLD regions. Data have been co-registered to a 4 mm atlas and grouped such that radiologic right is the side of maximum stenosis or most severe moyamoya disease. Clear asymmetry is seen in the BOLD reactivity maps. While the axial CBF maps clearly increase with hypercarbia, asymmetry is less obvious, suggesting more complex mechanisms underlying the BOLD reactivity maps than can be explained by CBF-weighted ASL alone. The lower asymmetry in the CBF maps could also be because of a difference in bolus arrival time of healthy and ischemic tissue.
Negative CVR in patients with ischemic disease DF Arteaga et al BOLD region, patient 5 exhibited significant (Po0.01) reductions in CBF and patient 8 exhibited significant increases (Po0.01) in CBF during hypercarbia administration. Structural imaging for both patients is shown in Figures 6A and 6B . When all patients exhibiting negative BOLD regions were considered (Table 1) , three demonstrated significant reductions in CBF with hypercarbia in the negative BOLD region (patients 1, 5, and 10) consistent with vascular steal phenomena, yet six exhibited increases in CBF Orthogonal slices of the negative BOLD reactivity regions (blue) are shown on top, followed by BOLD reactivity maps and baseline and hypercarbia-induced cerebral blood flow (CBF) maps below. The arrows identify the regions of negative BOLD reactivity. In these regions, clear and significant (Po0.01) decreases in CBF are found in patient 5, yet increases in CBF are observed in patient 8. These findings suggest that the origins of negative BOLD reactivity cannot be solely attributable to vascular intracerebral steal effects. Findings are compared with angiography in Figure 6 . ICA, internal carotid artery; mSS, modified Suzuki score; PCA, posterior cerebral artery.
(patients 3, 6, 7, 8, 9, and 13) and the remaining six (patients 2, 4, 11, 12, 14, and 15) exhibited no statistical change in CBF with hypercarbia.
DISCUSSION
The primary finding of this study is that in patients with symptomatic IC stenoocclusive disease, regions of hypercarbic hyperoxicinduced negative BOLD reactivity cannot be exclusively explained by vascular steal phenomena. Rather, while a subgroup of cases do suggest steal phenomena, the majority of patients exhibited no or increased CBF response in these regions, suggesting that autoregulation or possible upregulation of CMRO 2 may contribute. Secondary findings are that negative BOLD reactivity correlates with symptomatic hemispheres both by imaging findings and lateralizing clinical symptoms. In addition, there is a weak inverse correlation (P ¼ 0.048) between the volume of the negative CVR and the magnitude of the negative response.
Origins of Negative Blood Oxygenation Level-Dependent Cerebrovascular Reactivity in Patients
The magnitude of negative BOLD responses to hypercarbia have been reported to correlate indirectly with cortical thickness and directly with clinical disease severity, and have been hypothesized to represent a biomarker of infarction risk. 10 The physiologic origins of a negative BOLD response are known to occur in and around capillaries and draining veins from decreases in blood oxygenation, which could occur from reductions in CBF (vascular steal), increases in CBV (autoregulation), or upregulation of CMRO 2 ( Figure 1 ). It should also be noted that while changes in venous CBV are generally smaller in magnitude than changes in arterial CBV, such changes influence BOLD substantially owing to the larger fraction of deoxyhemoglobin in veins. However, in patients with reduced arterial oxygen saturation fractions, arterial CBV changes may also begin to contribute measurably.
In prior acute stroke studies in humans, hypercapnia has not increased CBF in the ischemic brain. However, in subacute stages of stroke, the CBF response is more varied, with both increases and decreases in CBF reported. 13, 28 Prior experimental and theoretical studies have demonstrated likely roles of elevated CBV secondary to reduced cerebral perfusion pressure. 29, 30 Such autoregulation occurs actively through relaxation of smooth muscle surrounding arterioles rather than from bulk changes in venous CBV. Furthermore, some negative BOLD regions found here were observed in regions of white matter where CBV is low (0.01-0.02 mL blood/mL parenchyma), and these regions would require extremely large CBV changes to account for the magnitude of the observed BOLD signal reductions. An alternative option that warrants further investigation is that CMRO 2 may increase during the hypercarbic hyperoxia stimulus, as hypoxic tissue at baseline may metabolize the additional oxygen provided. This possibility is particularly intriguing, as it suggests that hyperoxia may provide a surrogate marker of impaired CMRO 2 , which is a crucial physiologic parameter yet one that has been difficult to measure with MRI approaches. Additional changes are known to occur from bulk relocalization of water in different compartments within a voxel (e.g., CSF and tissue), 31 and care was taken to avoid ventricles and infarcted regions in this study. It is possible that some negative BOLD CVR regions partly colocalize with cortical CSF (e.g., Patients 1 and 8) ; however, in the majority of patients it is unlikely that this contribution is dominant. An increase in CBV in these regions could relocate CSF across voxels; CSF has a higher water content, as well as a longer T 1 and T 2 relative to gray and white matter, and this could influence BOLD signal depending on the extent of water relocalization. This possibility has been investigated in the CBV literature, 32, 33 as well as the presence of extravascular BOLD effects in CSF, 34 and may be present to varying extents in patients that contain negative BOLD signal near ventricles or regions of cortical CSF.
Hypercarbic Hyperoxia Our study utilized a hypercarbic (5% CO 2 ) hyperoxic (95% O 2 ) stimulus, which has been employed previously in other studies and has been shown to correlate with disease severity in stenosis patients. 35 It is well known that hyperoxia will both increase BOLD signal in draining veins in a manner not related specifically to changes in hemodynamic or metabolic activity, and increase the partial pressure of arterial oxygen (PaO 2 ) and reduce the T 1 of blood water, complicating CBF quantification from ASL data. To ensure that healthy, positive BOLD reactivity was correlated with positive CBF reactivity to this stimulus, we recorded these values Negative CVR in patients with ischemic disease DF Arteaga et al in healthy tissue ( Figure 2 ) and found significant correlations using both Spearman and Pearson correlation tests. Care was taken to analyze data in tissue rather than draining veins, and indeed we found the relationship between BOLD and ASL responses to be much more variable in regions that partial volume significantly with the dural sinuses. Differences in regions considered may partly explain why these findings differ from other results that compared BOLD and CBF reactivity to hypercarbic hyperoxia. 27 Our findings are also approximately consistent with physiology expectations; as the oxygen being extracted by the brain remains largely unchanged during vascular stimulation, extra oxygen carried in arterial plasma will substantially increase PaO 2 and some will bind Hb on the venous side. While this will contribute to the BOLD signal increase, the effect of hyperoxia on blood vasculature itself, in terms of decreasing CBV and CBF, have been shown to be small. 21 Therefore, complications arising from carbogen administration are largely attributable to the effect of hyperoxia on the imaging signal (e.g., through increases in venous oxygen saturation and blood-water T 1 reduction) rather than from physiologic changes in vascular reactivity. It should thus be possible to partly control these effects using appropriate postprocessing procedures, although more work is required to fully understand how to resolve these important limitations. As such, we strongly advise that hypercarbic hyperoxic and hypercarbic normoxic challenges should not be directly compared. An alternative and certainly more straightforward challenge would be to administer hypercarbic normoxia (5% CO 2 with balance room air). The choice for our gas mixture was two-fold. First, many patients scanned in this study had severe neurovascular compromise, including recent strokes in some, which led to safety concerns regarding administering hypercarbic gas mixtures. 36 One of the long-term goals of this work is to incorporate gas challenges into routine radiologic protocols of subacute stroke patients, and it is unclear whether hypoxic or hypercarbic mixtures will elicit new ischemic events relative to hypercarbic hyperoxic mixtures that increase oxygen transport to tissue.
21 Safety has not yet been conclusively demonstrated in randomized clinical trials, and as such, many centers may resist hypercarbic normoxic gas administration in subacutely or even chronically ischemic patients. Second, the possibility of upregulation of CMRO 2 may not be expected in normoxia experiments, as there would be no obvious operative mechanism. Thus, while the hyperoxic component of the stimulus complicates interpretation, it may also reveal novel mechanisms of hemodynamic impairment that correlate more closely with infarction risk.
Experimental and Analysis Limitations
It is well known that in addition to CBF sensitivity, ASL contrast is dependent on the BAT, or the time for labeled blood water to reach the capillary exchange site. 37, 38 Furthermore, while the ASL signal change in response to a stimulus is generally attributed to a change in CBF, it is also likely that the BAT changes. In separate work, 17 we have measured the BAT and CBF response using pCASL with multiple post-labeling delays in healthy volunteers (age ¼ 30 ± 4 years) for separate experiments in which (i) normocarbic normoxia (i.e., room air), hypercarbic normoxia (i.e., 5% CO 2 /21% O 2 /74% N 2 ), and hypercarbic hyperoxia (i.e., carbogen: 5% CO 2 /95% O 2 ) gas was administered (12 L/minute). Regional reductions in BAT of 4.6% to 7.7% and 3.3% to 6.6% were found in response to hypercarbic normoxia and hypercarbic hyperoxia, respectively whereas CBF increased by 8.2% to 27.8% and 3.5% to 19.8% for hypercarbic normoxia and hypercarbic hyperoxia, respectively. Therefore, the change in BAT was generally observed to be smaller than the change in CBF and this effect was smaller for hypercarbic hyperoxia (used here) relative to hypercarbic normoxia. While these measurements were made in gray matter only, it is likely that a similar or smaller reduction in BAT persists in white matter. To reduce this potential confound, we used a pCASL approach that is known to be less sensitive to transit time changes than single post-labeling delay pulsed ASL approaches that do not account for bolus duration. This reduction in sensitivity is largest for tissue with shorter BAT values, such as healthy tissue. In regions where the BAT is much longer (e.g., white matter or ischemic tissue), it is possible that these changes could influence the CBF measurements. Given the relatively small change in BAT relative to CBF observed in our separate studies, and localization of most negative BOLD CVR regions to tissue that partial volumes primarily with gray matter (with the exception of patient 14), we do not anticipate that this is a major limitation of the current study. Nevertheless, these changes should be considered when interpreting the findings of this study. A related concern is that if the BAT changes with stimulation, the labeling efficiency of the pCASL measurement may also change. While we cannot rule out this effect, it is likely that the small change in BAT (B3.3% to 6.6% in gray matter) is mostly attributable to changes in flow velocity in smaller vessels experiencing changes in CBV, rather than in the large feeding cervical vessels where the blood-water labeling occurs. However, separate measurements of BAT changes in patients may be warranted and could help clarify the findings in voxels that contain substantial white matter contributions. It cannot be ruled out that a small increase in blood-water velocity during the hypercarbic stimulus may lead to a reduction in labeling efficiency, which would then lead to an underestimation in CBF if left unaccounted for in the model.
Partial volume contributions generally are also an inherent concern in ASL studies at typical spatial resolutions, as CBF in gray and white matter differs by approximately a factor of 2 to 3. 18 We have recently demonstrated how ASL-measured CBF values change with versus without partial volume corrections. 17, 39 As expected, cortical CBF and BAT will increase and decrease, respectively, when correction routines are implemented for partial volume effects. Although such routines generally are most robust when ASL data are acquired with multiple postlabeling delay times, only a single delay was used here because of time considerations for the hypercarbic stimulus in patients. To reduce this confounding effect, we analyzed exactly the same regions in BOLD and ASL data, and therefore, partial volume contributions were identical between scans. Care was taken to ensure that absolute CBF numbers were not over interpreted; rather, the primary experimental measure was the change in the CBF-weighted signal between normocarbia and hypercarbia. We considered applying strict signal-to-noise ratio thresholds to this component of the study, but this was avoided as baseline CBF may be quite low in hypoperfused tissue and may significantly increase (or decrease) upon stimulation. We thus focused on statistically significant changes in ASL signal. However, owing to the above complications, absolute CBF values should be interpreted with caution.
We utilized a pairwise subtraction approach to calculate the CBF maps. It should be noted that more complex subtraction approaches have been proposed for ASL data, including surround and sinc subtraction. 40 A key feature of these elegant procedures is that they may reduce signal variability and improve sensitivity for detection of activated voxels in ASL data. Much of this improvement derives from transient changes in blood oxygenation and signal drift between control and label acquisitions that are reduced, and therefore, these methods are particularly important in experiments with short stimulus durations and/or when ASL maps themselves are being used for identification of activated voxels. Here, all data were corrected for baseline drift, our stimulus block durations were long (e.g., 3 minutes), and data were not analyzed until signal reached steady state within a stimulus or baseline block. Therefore, we chose to use a more basic subtraction approach. However, future studies would likely benefit from these more complex methods, especially those that use shorter stimulus durations or use ASL data to identify activated voxels (rather than BOLD data as was used here).
Finally, ASL scans were always performed after the BOLD scans, and B6 to 7 minutes of room air breathing occurred between the final BOLD hypercarbic block and first ASL hypercarbic block. While we anticipate this is sufficient time to allow blood gases, arterial oxygen saturations, and EtCO 2 values to return to baseline, vascular adaptation between scans cannot be ruled out as a possible complication in our study.
In summary, only a small fraction (3/15) of participants exhibiting negative BOLD reactivity to hypercarbic hyperoxic stimuli also had colocalizing reductions in CBF consistent with vascular steal. Therefore, additional mechanisms such as autoregulation and metabolism upregulation should be considered when interpreting negative BOLD reactivity.
